Lower Oligocene to Pleistocene volcaniclastic sands and sandstones recovered around the Izu-Bonin Arc during Ocean Drilling Program Leg 126 were derived entirely from Izu-Bonin Arc volcanism. Individual grains consist of volcanic glass, pumice, scoria, basaltic or andesitic fragments, Plagioclase, pyroxene, and minor olivine and hornblende. In Pliocene-Pleistocene samples Plagioclase and heavy minerals in the volcaniclastic sands and sandstones are present in the following abundances: Plagioclase > orthopyroxene > clinopyroxene > pigeonite > olivine. In contrast, Plagioclase and heavy minerals found in Oligocene-Miocene samples occur in the following order: Plagioclase > clinopyroxene > orthopyroxene > hornblende.
INTRODUCTION
Clastic rocks, especially sands and sandstones, provide information about the provenance of the sediments (Dickinson, 1974) . Volcaniclastic sands and sandstones contain geochemical and mineralogical information relating to the volcanic history of the source area. There have been many studies conducted on volcaniclastic sandstones from active continental margins and backarc basins (Moore, 1979; Klein, 1985; Klein and Lee, 1984) , as well as on the processes of submarine volcanic activity (Fisher, 1984; Kokelaar et al., 1985; Carey and Sigurdsson, 1984) , but only a few attempts have been made to deduce the volcanic history of island arcs by mineralogical methods (Fujioka and Tsukawaki, in press ).
Sands and sandstones that include volcanic fragments and phenocryst minerals often are good indicators of the compositional variation of volcanic rocks over time for several reasons. First, they reflect the original bulk chemistry at the eruption site. Second, phenocryst minerals may indicate the chemical affinity of the source magmas. Third, standard methods in igneous petrology can be applied to the study of the volcanic fragments and minerals. Finally, variations in stratigraphy can closely track changes in chemical characteristics of the volcanic source rocks.
During Ocean Drilling Program (ODP) Leg 126, 19 holes were drilled at 7 sites around the Izu-Bonin Arc, between 30° and 33°N latitude. A major goal of the leg was to reconstruct the volcanic, tectonic, and subsidence/uplift history of the Izu-Bonin intraoceanic margin since the Eocene (Taylor, Fujioka, et al., 1990; Leg 126 Shipboard Scientific Party, 1989) (Fig. 1) .
Volcaniclastic materials were recovered from Oligocene sediments atforearc Sites 787,792, and 793 (Taylor, Fujioka, et al., 1990 ).
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The provenance of these sandstones includes the nearby forearc basement high (Hiscott and Gill, this volume), which was once subaerial like the present Bonin Islands (Fryer, Pearce, Stokking, et al., 1989) . Aminimum in volcanic input to the forearc between 24 and 13 Ma corresponds in time with the backarc opening of the Shikoku Basin (Leg 126 Shipboard Scientific Party, 1989) . Subsequently, volcanogenic input has increased over the past 13 m.y. Pliocene-Pleistocene volcaniclastic materials were recovered from arc and backarc Sites 788, 790, and 791 (Taylor, Fujioka, et al., 1990) .
In this article, we present for the first time, the history of volcanic activity along the middle part of the Izu-Bonin Arc, based upon temporal changes in the petrographic characteristics of the sands and sandstones and the chemical composition of detrital heavy minerals. Other petrographic and geochemical analyses of the same samples of sand and sandstone are presented in other papers (see Hiscott and Gill, this volume; Marsaglia, this volume) .
METHODS
We selected 150 out of 290 Leg 126 samples of sand and sandstone collected jointly by Fujioka et al. (this chapter) , Hiscott and Gill (this volume) , and Marsaglia (this volume). These samples were used to prepare thin sections: 13 from Site 787, 23 from Site 788, 25 from Site 790, 28 from Site 791, 42 from Site 792, and 17 from Site 793.
Unconsolidated samples were gently crushed and then washed through a 40-µm screen and dried. The material was placed in holes on an acrylic plate, flooded with resin, and made into thin sections. If necessary, consolidated samples were impregnated with resin and made directly into thin sections.
After careful examination of the thin sections, 42 were selected for the chemical analysis of the heavy minerals. The selected samples provide a representative chronological record of volcanic characteristics of the Izu-Bonin Arc from the Oligocene to the Pleistocene (Fig. 2) .
Chemical analyses of heavy minerals in the sands and sandstones were performed with a Hitachi scanning electron-probe microanalyzer (EPMA, Model X-560S) combined with an energy-dispersive analytical system (EDS), at the Institute of Mineralogy, Petrology and Economic Geology, Faculty of Science, Tohoku University, Sendai, Japan. Synthetic and natural mineral standards were used for calibration. Detailed procedures and accuracy of the methods are described in Fujimaki and Aoki (1980) .
DESCRIPTION OF SANDS AND SANDSTONES

Backarc and Island-arc Regions (Sites 790,791, and 788)
Sands and sandstones of arc and back-arc regions of the Izu-Bonin Arc (Sites 790, 791, and 788) consist mostly of the following four components: (1) vitric (glassy) components such as translucent volcanic glass, light brown volcanic glass, and pumiceous fragments; (2) lithic fragments such as basaltic rock fragments and scoria; (3) heavy minerals such as pyroxene, olivine, and opaque minerals with Plagioclase; and (4) bioclastic material (foraminifers and radiolarians). All the samples observed contain 20%-98% of the vitric component, 5%-60% lithic fragments and Q%-A5% heavy minerals plus Plagioclase (Fig. 3) . Most samples are classified as vitric-lithic-crystal sand/sandstone or vitriclithic sand/sandstone (Cas and Wright, 1987) . The crystals are probably phenocrysts from basaltic rocks, as many are attached to a mafic groundmass. The Plagioclase content ranges from 50 to 90 vol% of all the rock-forming minerals in each sample observed. Orthopyroxene and clinopyroxene are common; olivine is rare.
Forearc Region (Sites 787,792, and 793)
The unconsolidated sands of the forearc region (Unit I of Sites 787, 792, and 793) have the same petrologic characteristics as the backarc sands, consisting of 5%-95% vitric material, 0%-85% lithic material, and 0)%-A5% crystals and bioclastic material (Fig. 3) . However, some samples of the consolidated forearc sandstones (Unit IV of Site 787, Units II-IV of Site 792, and Units V-VII of Site 793), especially lower Oligocene samples, contain diagenetic and alteration minerals such as zeolite, prehnite, and chlorite (Taylor, Fujioka, et al., 1990; Tazaki and Fyfe, this volume) .
CHEMICAL ANALYSIS OF HEAVY MINERALS
A total of 220 analyses were performed on heavy mineral fragments and phenocrysts in basaltic or andesitic rock fragments. We only used analytical data for which the total number of cations were within the limits of 4.00 ± 0.02 for pyroxene, and 3.00 ± 0.02 for olivine. Analytical results for olivine, augite, pigeonite, orthopyroxene, and hornblende are presented in Tables 1-7 ; a Ca-Mg-Fe diagram is shown in Figure 4 .
Olivine
Olivine occurs rarely and only in Pleistocene sediments in both backarc (Sites 790 and 791) and forearc areas (Site 787). In the backarc regions, the olivine fragments range in composition from Fo g6 to Fo 68 . The data are presented in Table 1 and shown graphically in Figures 4E and 4F . In the forearc regions, two grains of olivine were analyzed in a sample from Unit I at Site 787 (see Table 2 and Fig. 4A Table 3 and Fig. 4D-E) .
In the forearc regions, only the upper Pliocene to Pleistocene sands contain pigeonite, with a composition of Wo 9 _ 12 En 29 _ 37 Fs 55 _ 60 (see Table 4 and Figs. 4A and 4G).
Augite and Diopside
Augite occurs commonly from the Oligocene through the Pleistocene, especially in Oligocene to Miocene sediments. Augite generally constitutes more than 50% of the total heavy minerals. Diopside occurs commonly from the Oligocene through the Miocene in the forearc region and is present only rarely in Pliocene-Pleistocene sediments of Unit I at Site 793.
Representative analyses of calcium-rich pyroxene from the backarc and island-arc regions (Holes 788C, 788D, 790B, 790C, and 791B) are given in Table 5 Representative analyses of abundant augite crystals from forearc regions are given in Table 6 
Hornblende
A few crystals of hornblende occur only in Oligocene sediment. Hornblende was observed in only one thin section (Sample 126-792E-56R-5, 33-36 cm), where it is more abundant than pyroxene. Representative analyses of hornblende are given in Table 7 and shown graphically in Figure 41 .
DISCUSSION
Characterization of Volcanic Rock Series
Petrological and geochemical, characteristics of volcanic rocks may be directly related to their tectonic settings (Jakes and White, 1972; Miyashiro, 1974) . However, post-emplacement alteration tends to obscure the original mineralogical and geochemical characteristics of the volcanic rocks and thus the reconstructions of paleotectonic regions.
Volcaniclastic sands and sandstones are a monogenetic derivative of volcanic rocks and preserve the original geochemical characteristics of the source rocks. However, it is often difficult to determine the chemistry of the original volcanic rocká" from the analysis of secondary sediments (Hiscott and Gill, this volume), because the sediments are variable mixtures of volcanic glass, pumice, scoria, rock-forming minerals, lithic fragments, and biogenic clasts. Detrital clinopyroxene phenocrysts, therefore, are a more reliable indicator of source-rock chemistry.
Kushiro (1960) discussed the chemical composition of pyroxenes, especially the Si, Al, and Ti contents in relation to the magma series. Leterrier et al. (1982) proposed a method of identification for the magmatic affinities of a paleovolcanic series based on the unaltered clinopyroxene compositions of 706 Holocene-age volcanic rocks. Three major basaltic groups can be distinguished with confidence >80%: alkali-basalt and related rocks, tholeiite from spreading centers, and orogenic basalt, respectively (Fig. 5) . In spite of metamorphic or metasomatic processes, the primary chemical composition of relict clinopyroxene phenocrysts is commonly preserved.
Figures 5 A and 5B show that clinopyroxenes from alkali basalt differ from the other groups in their generally higher contents of Ca, Ti, and total Al, and Figure 5C shows the distinction between clinopyroxenes from alkali basalt (rich in Ti and Na) and the other groups (Leterrier et al., 1982) . All our data from clinopyroxenes in Oligocene to Pleistocene sands and sandstones plot in the nonalkali basalt field (Fig. 5) .
None of the discriminating diagrams clearly separate clinopyroxenes of orogenic basalt from those of oceanic tholeiites. Based on low-Cr contents, however, the detrital clinopyroxenes must have come from the orogenic basalts, either island-arc tholeiites, or calc alkalic basalts in continental margins (Leterrier et al., 1982) . This result suggests that sedimentary basins around the Izu-Bonin Arc received reworked island-arc tholeiitic detritus since the Oligocene, in agreement with the results of Hiscott and Gill (this volume).
Volcanic History of the Izu-Bonin Arc from the Oligocene to the Pleistocene
Backarc and forearc stratigraphy records the history of variations in intensity and chemistry of Izu-Bonin Arc volcanism. Abundances of heavy minerals in these sediments vary temporally and spatially (Fig. 6 ). In particular, the assemblage of the heavy minerals differs markedly between Pliocene-Pleistocene and Oligocene-Miocene volcaniclastic sands and sandstones. This change in heavy mineral composition represents a change in character of the petrology of the Izu-Bonin Arc through time. The Oligocene-Miocene volcanic source was characterized by a mineral assemblage including Plagioclase, augite, hypersthene, diopside, bronzite, and hornblende, from the tholeiitic or calc-alkalic volcanic rock series. These volcanic rocks are similar to the basement lavas and breccias recovered at Sites 792 and 793 (Taylor et al., this volume; Lapierre et al., this volume) . The source rocks for Pliocene-Pleistocene volcaniclastic sands are characterized by a mineral assemblage that includes plagioclase, hypersthene, augite, ferrohypersthene, pigeonite, and olivine from the tholeiitic volcanic rock series. Volcanic rocks of this type have been produced at the volcanic front of the Izu-Bonin Arc since about 3 Ma (Fujioka, Taylor, et al., 1989) . . The distribution of the compositions of clinopyroxene phenocrysts for three principal basaltic families: alkali and related basalts, nonorogenic tholeiitic basalts, and orogenic tholeiitic and calc-alkaline basalts. The distribution of each family is defined by computer-drawn frequency curves (after Leterrier et al., 1982) . Chemical compositions of clinopyroxenes in sandstones from the Leg 126 sites are superimposed. The elements are calculated as cationic values from the structural formula of the clinopyroxene.
CONCLUSIONS
Volcaniclastic sands and sandstones recovered from Leg 126 drilling around the Izu-Bonin Arc are composed of volcanic glass, pumice, scoria, basaltic or andesitic rock fragments, Plagioclase, heavy minerals, and biogenic clasts.
In Pliocene-Pleistocene sands the mineral abundances are as follows: Plagioclase > orthopyroxene > clinopyroxene > pigeonite > olivine. In Oligocene-Miocene sandstones the mineral abundances are different and are present in the following order: Plagioclase > clinopyroxene > orthopyroxene > hornblende.
Calcium-rich detrital clinopyroxene is characterized by low abundances of Al, Ti, and Cr. This indicates that the source volcanic rocks from the Oligocene to the Present were nonalkalic igneous rocks.
There is a distinct difference in the magnesium-iron and calcium contents of pyroxenes in the Pliocene-Pleistocene vs. those in Oligocene-Miocene volcaniclastic sandstone. Orthopyroxene belongs to the hypersthene-ferrohypersthene series in Pliocene-Pleistocene sediments, and to the bronzite-hypersthene series in Oligocene-Miocene sediments. Clinopyroxene is characterized by augite and pigeonite in Pliocene-Pleistocene sediments, and the diopside-augite series in Oligocene-Miocene sediments.
The mineralogical characteristics of the volcaniclastic sands and sandstones reflect the volcanic history of the Izu-Bonin Arc. Conclusions based on mineralogy are quite consistent with stratigraphic inferences by geochemistry of volcaniclastic sands and sandstones (Hiscott and Gill, this volume), with mineralogical inferences by geochemistry of forearc volcanic rocks (Lapierre et al., this volume) , and with the other inferences related to the history of volcanism of the Izu-Bonin Arc since the Oligocene (Fujioka et al., this volume) . 
